INTRODUCTION
Electromagnetic radiation is emitted by many natural and man-made sources. We are warmed by electromagnetic radiation emitted from the sun and our eyes can detect the visible light portion of the electromagnetic spectrum. Radiofrequency (RF) radiation is a portion of the electromagnetic spectrum with frequencies ranging from 3 kHz to 300 GHz, below that of visible light and above that of extremely low-frequency (ELF) fields. RF radiation is produced by many man-made sources, including mobile phones and base stations, television and radio broadcasting facilities, radar, medical equipment, microwave ovens and radiofrequency heaters as well as a diverse assortment of other electronic devices within our living and working environments. 2 Sufficiently intense RF radiation can cause heating of materials with finite conductivity, including biological tissues. A number of well-established biological effects and adverse health effects from acute exposure to intense RF radiation have been documented (1, 2) . For the most part, these effects relate to localized heating or stimulation of excitable tissue from intense RF-radiation exposure. The specific biological responses to RF radiation are generally related to the rate of energy absorption. The rate and distribution of RF-radiation energy absorbed depend strongly on the frequency, intensity and orientation of the incident fields as well as the body size and the constitutive properties of the tissues (dielectric constant and conductivity). At frequencies above 1 MHz, absorption of RF radiation is commonly described in terms of the specific absorption rate (SAR), which is a measure of the rate of energy deposition per unit mass of body tissue and is usually expressed in units of watts per kilogram (W/kg). Based on a large amount of historical knowledge, national and international exposure limits have been established to protect the general public against adverse effects associated with acute RF-radiation exposures (3, 4) . However, the safety of exposure to long-term, low-level RF radiation remains controversial and the risk of development of cancer remains a primary public health concern.
The scientific literature on the possible health implications of RF radiation is full of conflicting results, and the question of whether exposure can contribute to cancer risk remains unresolved (5, 6) . Since the energy per photon produced by RF radiation is not considered strong enough to induce direct chemical changes in the cells, biological effects produced by RF radiation are most likely subtle and indirect. Proposed changes in cellular functions by RF radiation include inhibition of DNA synthesis, transcription, RNA processing and translation, inhibition of cell cycle progression, denaturation of proteins, alterations in cellular metabolism, and changes in membrane permeability. One proposed mechanism suggests that RF radiation may act as a stressor, inducing chronic overexpression of heat-shock proteins (HSPs) that may influence the risk of cancer (7) . Research into these effects has recently led to some controversial findings. This article reviews the current state of the literature with respect to possible effects on gene and/or protein expression after exposure to RF radiation. Since the thermal effects of RF radiation are well understood, this review will focus on the evidence for such changes from low-level, non-thermalizing RF radiation.
Challenges when Conducting RF-Radiation Research
Researchers must overcome several challenges when attempting to conduct high-quality RF-radiation bioeffects research that are related to the physical properties of this form of radiation. Of primary importance is the interaction between RF radiation and matter. Rotational friction is caused when small polar molecules (such as those in water and biological tissues) reorient themselves in the presence of the oscillating RF field, thereby producing heat. The rate at which heat energy is applied to the sample must not exceed the rate at which it is removed; otherwise the temperature within the sample will rise and thermal confounding may occur. If RFradiation energy is applied to biological samples at a low rate (e.g. ,1 W/kg) or for a short duration, then passive cooling and/or sweating may permit the tissue/body/ sample temperature to remain within a normal physiological range. However, if higher SARs (.1 W/kg) are employed and/or prolonged, then some form of active cooling mechanism may be required to ensure that excessive sample heating does not occur. When performing RF-radiation experiments, it is crucial to include appropriate temperature controls within the experimental setup to avoid thermal confounding in the study results. To this end, the use of non-perturbing temperature probes and active cooling with either forced air or water is particularly beneficial.
Another significant challenge that must be addressed when studying the biological effects of RF radiation relates to the homogeneity of energy absorption within the sample (SAR distribution) and the maintenance of a relatively homogeneous, non-perturbing temperature throughout the biological sample. These are two separate yet related phenomena. While controlling volume-averaged temperature within the biological sample is important, it is also important to ensure that RF-radiation energy is deposited in a homogeneous manner, or ''hot spots'' can occur within the biological sample. This phenomenon is akin to focusing light energy on an object, whereby the localized temperature at the focal point is considerably elevated while the surrounding area is not. In such a situation with RF radiation, the local temperature for some part of the sample may be greatly elevated while the volumeaveraged temperature remains relatively unaffected due to heat convection and diffusion. With some in vitro exposure systems, heterogeneous RF-radiation absorption can also cause convective flow within aqueous biological samples due to the presence of temperature gradients within the sample. Such convection currents in an RF-radiation-exposed sample can be a source of artifacts.
Since RF radiation behaves in a similar fashion as light with respect to its ability to reflect off of metallic surfaces, care must be taken to ensure that samples are exposed in a reverberant-free environment or at least that all sources of reflection are taken into account in the dosimetry analysis. This is particularly problematic for in vitro studies, where cells must be maintained under appropriate conditions (37uC, 50-60% humidity, 5% CO 2 in air) in a tissue culture incubator. Most incubators are built with a stainless-steel coated interior that acts as an ideal reflector for RF radiation. As a result, when conducting in vitro RF-radiation research, great care must be taken either to contain RF radiation within a closed exposure system inside a standard tissue culture incubator or to design alternative non-RF radiation perturbing tissue culture environments. In either case, maintenance of sample temperature, humidity, osmolarity and pH is a challenge and must be carefully controlled.
Due to the above considerations, it is critical that RFradiation bioeffects studies encompass certain experimental controls to ensure that confounding variables do not result in artifactual biological observations. For in vitro studies, monitoring the temperature, pH and cell viability within the sample is paramount. For both in vivo and in vitro studies, empirical and/or numerical analysis of SAR distribution patterns within the sample is fundamental. The inclusion of unexposed (negative) controls, sham (non-RF-radiation-exposed) controls, and positive controls are imperative to ensure that the assay methodology is responding appropriately and that experimental conditions are identical. Inclusion of these controls is particularly important when evaluating studies where RF-radiation-induced effects were ob-266 REVIEW served. On the other hand, analysis of statistical power in studies where no evidence of RF-radiation-induced effects were observed is important to determine whether a sufficient number of samples (independent experiments) were run to allow the detection of significant differences between groups. For all studies, the investigators should be blinded with respect to the exposure status of the samples until all laboratory experiments, data acquisition and statistical analyses are complete.
In summary, when evaluating the literature related to RF-radiation-induced effects, all of the above considerations must be taken into account. This paper is not only a review but also a critique of the literature, highlighting certain deficiencies in the design of some of the studies that should be taken into account when evaluating the significance of certain RF-radiation research findings.
CURRENT STATE OF KNOWLEDGE
Studies Assessing the Effects of RF Radiation on Heat-Shock Proteins (HSPs)
To date, the majority of RF-radiation research has focused on identifying sensitive stress markers of RFradiation-induced effects. The ''stress proteins'', also known as the heat-shock proteins (HSPs), are one group of proteins that have been reported to be affected by RF-radiation emissions. HSPs are a family of chaperone proteins that are found in all cell types and are highly conserved and abundantly expressed with diverse functions. They are expressed in response to cold, heat and other environmental stresses, although some are constitutively expressed. HSPs increase heat tolerance and perform functions essential to cell survival under these conditions. Some HSPs serve to stabilize proteins in abnormal configurations, while others play a role in the folding and unfolding of proteins, acting as molecular chaperones. HSPs are also believed to act as major immunogens in many infections and disease states (8) . Stress-induced transcription of HSPs requires activation of heat-shock factors (9, 10) that bind to the heat-shock promoter element, thereby activating its transcription activity. Because HSPs and their associated factors are induced by a variety of stressors, they have been proposed as possible biomarkers of RF-field exposure. French et al. (7) hypothesized that repeated exposure to RF radiation may act as a repetitive stressor, leading to continuous overexpression of HSPs in exposed cells and tissues. Table 1 provides a list of studies that have assessed the effect of RF radiation on HSP gene and protein expression. One of the earliest studies in this area of research was conducted by Parker et al. (11) . In this study, L5178Y and Chinese hamster ovary (CHO) cells were exposed for 3-20 min to 2.45 GHz continuouswave (CW) RF radiation at extremely high SARs of 51.75 and 103.5 W/kg. The investigators measured temperature within the sham-and RF-field-exposed samples and conducted experiments at culture temperatures ranging from 37-45uC. Despite the high SARs, the investigators did not observe any detectable RFfield-induced changes in mRNA expression for HSP70 and a variety of proto-oncogenes (v-fos, v-myc, v-H-ras) using Northern blot analysis when compared to the corresponding sham temperature controls. However, it was unclear whether any temperature changes occurred in the exposed flasks relative to the sham-exposed flasks, and there was no indication that any statistical analysis was performed on the data. After this work, Fritze et al. (12) examined HSP70 response in the central nervous system of rats exposed to 900 MHz global system for mobile communication (GSM)-modulated RF radiation for 4 h at SARs of 0.3, 1.5 and 7.5 W/kg. Rectal temperature monitoring indicated no detectable temperature change at the highest dose tested (7.5 W/kg). Immediately after exposure, a slight induction of HSP70 mRNA (but not protein) was observed in the cerebellum and hippocampus at 7.5 W/kg exposures but not at lower levels. Twenty-four hours after exposure, immunohistochemical analysis of HSP70 did not reveal any alterations. The authors concluded that acute highintensity radiofrequency-field exposure of rats may induce some minor stress response in the thermal range but does not result in lasting adaptive changes in the brain. Cleary et al. (13) assessed protein expression levels as a possible ''biomarker'' of RF-field-induced stress effects. HeLa cells were exposed for 2 h at mean SARs of 25 W/kg to 27 or 2450 MHz CW RF radiation while CHO cells were exposed for 2 h to 27 MHz CW RF radiation at an SAR of 100 W/kg. Temperature measurements indicated that RF-field-exposed samples were maintained at 37.0 ± 0.1uC. The authors evaluated protein expression at 24 h after RF-field exposure and observed no RF-field-induced effects on HSP70 or on lower-molecular-weight stress protein induction.
A limited number of studies have shown that RF radiation may cause a strong induction of the stress proteins using unique in vivo model systems. In a study that was later withdrawn, De Pomerai et al. (14) reported that when transgenic Caenorhabditis elegans (containing b-galatoctosidase or GFP reporter genes) were exposed overnight to 750 MHz RF radiation at an SAR of ,0.001 W/kg, HSP16 reporter gene activity was elevated. The authors suggested that this might have been a non-thermal bioeffect. However, in a later study, the authors retracted their original interpretation of a non-thermal effect, because they observed that their exposure conditions actually caused a 0.2uC change in culture temperature and that in the absence of RF radiation such changes in temperature were capable of causing a similar induction of HSP16-reporter gene activity (15 (20) . In a highly publicized study, Leszczynski et al. (21) exposed cells of a human endothelial cell line (EA.hy926) to GSM-modulated 900 MHz RF radiation for 1 h at an average SAR of 2.8 W/kg. The authors performed both numerical dosimetry (finite difference time domain, FDTD) and empirical temperature measurements to characterize the heterogeneity of SAR distribution within their samples and to that ensure thermal confounding was not an issue. Temperatures within the samples were reported to remain within 37.0 ± 0.3uC over the exposure period. Immediately after exposure, samples were collected and analyzed for protein expression and phosphorylation. The authors reported altered phosphorylation status for a number of proteins. Specifically, HSP27 was found to undergo a transient increase in phosphorylation immediately after exposure but not 1 or 4 h after exposure. Additionally, the protein levels of both HSP27 and p38 mitogenactivated protein kinase (p38MAPK) were reported to be transiently increased. The authors suggested that RFfield exposure may induce a cellular stress response in these cells. In a follow-up study, this group exposed two variants of the human endothelial cell line (EA.hy926) to similar RF radiation as in their original study and assessed the effect of 1 h exposure on gene and protein expression (22) . The authors identified 14 differentially expressed genes and 83 differentially expressed proteins in response to RF-field exposure but did not observe any measurable effects on HSP gene/protein expression.
In contrast to the above studies, Vanderwaal et al. (23) found no evidence of altered HSP27 phosphorylation in a series of cell lines (HeLa, S3 and EA.hy296) after exposure to either 837 MHz TDMA-modulated RF radiation for 1, 2 or 24 h at an SAR of 5.0 W/kg or 900 MHz GSM-modulated RF radiation for 1, 2 or 5 h at an SAR of 3.7 W/kg. Interestingly, the authors also evaluated the effect of mild (42uC for 2 h) to moderate (45uC for 30 min) hyperthermia on HSP27 phosphorylation. It was observed that multiple isoforms of phosphorylated HSP27 were formed after hyperthermia and that the specific distribution depended on the severity of the heat-shock conditions. More recently, Hirose et al. (24) examined the effect of RF radiation on HSP27 phosphorylation and on gene and protein expression in two cell lines. Human glioblastomaderived A172 cells and human fetal lung-derived IMR-90 fibroblasts were exposed for 2-48 h to 2.1425 GHz RF radiation at SARs up to 800 mW/kg. No evidence of altered HSP27 phosphorylation or increased expression of mRNA for a variety of HSPs was observed in either cell line. Other recent studies have also found no evidence of RF-field-induced effects using well-characterized exposure systems. Lee et al. (25) Immunohistochemical analysis demonstrated no detectable changes in the protein expression of HSP27 or inducible HSP70 in keratinocytes after RFradiation exposure. However, heat-shock cognate (HSC) 70 protein levels were decreased significantly in dermal cells isolated from human skin after RF-radiation exposure. The authors did not observe a similar result in reconstructed human epidermis, and they concluded that human cutaneous cells may react to RF radiation by modulating the expression of some HSPs, but this response may depend on the cell model. In a follow-up study, the same investigators found that primary human skin cells (keratinocytes and fibroblasts) did not display any alterations in inducible or constitutive HSP70 protein levels or in the levels of HSP27 after a 48-h exposure to 1800 MHz GSM-modulated RF radiation (32) . The authors did not speculate on the differences in the responses observed in these two studies. Recently, Sanchez et al. (33) exposed the skin on the back of hairless female rats to 900 and 1800 MHz GSMmodulated RF radiation using a loop antenna for either a single 2-h exposure at SARs of 0 or 5 W/kg or a repeated exposure regimen (2 h/day, 5 days/week for 12 weeks) at SARs of 0, 2.5 or 5 W/kg. The animals were killed immediately after the single RF-radiation exposure or at 72 h after the repeated RF-radiation exposures. The exposed portion of skin was then preserved for immunohistochemical analysis. The authors included cage (unhandled) control, sham (handled) control, and positive (400 mJ/cm 2 UVB radiation) control groups. Immunohistochemical analysis of the protein levels of HSC70, HSP25 and HSP70 in the epidermis yielded no significant differences in expression between the RF-radiation-exposed animals and the controls, while the positive (UVB radiation) control was markedly increased for each of these proteins. The authors concluded that they found no evidence that either 900 or 1800 MHz GSM-modulated RF radiation could alter HSP expression in rat skin.
The transcription of HSPs are regulated by the DNAbinding activity of the heat-shock transcription factors (HSFs). These factors bind to specific regulatory elements in the promoter regions of heat-shock protein genes. In a study conducted by Laszlo et al. Despite a large number of studies, there have been conflicting results with respect to RF-radiation exposure and HSP expression (39) . As demonstrated by the studies described above, there are a vast number of research studies suggesting that non-thermal RF-radiation exposures do not elicit a cellular stress response characterized by altered HSP gene or protein expression. A small number of studies exist where exposure conditions seem well controlled, yet an RF-radiation-REVIEW 271 induced response on HSP expression was observed. Such studies leave sufficient doubt to require further investigation to determine whether these observations are ''false-positive events'' that occurred due to some unknown uncontrolled variable or whether they represent a cell/tissue-, frequency-, modulation-or modelspecific response. Additional well-characterized replication studies are required to further evaluate these observations further. However, the majority of the research to date does not suggest a role for non-thermal RF radiation in inducing a generalized cellular stress response.
Studies Assessing the Effects of RF Radiation on Proto-oncogenes
Another group of proteins that has gained considerable attention in bioelectromagnetics research are the proto-oncogenes and the related transcription factors. Proto-oncogenes are genes whose protein products have the capacity to induce cellular transformation. The transcription of these genes is often low and is easily stimulated by various agents. Some proto-oncogenes, often considered as immediate early response genes (IEG), include c-fos, c-myc and c-jun. These genes are constitutively expressed at low levels but are rapidly and transiently induced in response to stressful external stimuli. Each of these genes encodes for a transcription factor that regulates expression of genes through binding on Enhancer Box sequences (E-boxes) and recruiting histone acetyltransferases. Given their ability to regulate cellular growth, proliferation and differentiation, they have become an important topic in RFradiation bioeffects research.
Several studies have reported that RF radiation may affect the expression of a number of proto-oncogenes in cell cultures (Table 2 ). In an early study conducted by Ivaschuk et al. (40) , rat PC12 pheochromocytoma cells were exposed to intermittent (20 min ON/20 min OFF) 836.55 MHz TDMA-modulated RF radiation at 0.09, 0.9 and 9 mW/cm 2 for exposure times of 20, 40 and 60 min. Northern blot analysis revealed a decrease in the expression of c-jun after a 20-min 9 mW/cm 2 RF radiation exposure, but no changes were observed after 40-or 60-min exposures at the same intensity. No changes in c-jun expression were observed at lower 
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REVIEW power densities or longer times, and no changes were observed in c-fos transcript expression. Interestingly, Czyz et al. (17) reported that exposure of p53-deficient embryonic stem cells to 1.71 GHz GSM-modulated RF radiation caused a transient increase in c-jun expression immediately after a 48-h RF-radiation exposure and an increase in c-myc expression at 5 days after RFradiation exposure. However, no changes in the expression of these proto-oncogenes were detected in the exposed wild-type embryonic stem cells. These results suggest that loss of p53 function increases the sensitivity of embryonic stem cells to RF radiation. mRNA c-fos, c-myc, c-jun -increase in c-fos expression in cells transitioning from exponential to plateau phase and in the plateau phase, but no effect on AP1-DNA binding activity 2 h mRNA c-fos, c-jun -no effect on c-fos expression 6-72 h c-jun, c-myc, c-fos -transient upregulation in c-jun and c-myc in p53 2/2 embryonic stem cells 4 days mRNA c-fos -no effect on c-fos expression -authors suggest that small changes in background levels could produce biologically insignificant, statistically elevated foldchanges (Goswami et al., 1999) 1 h protein c-fos -no effect from RF radiation -immobilization of mice in exposure chamber resulted in stress response leading to elevated c-fos in sham and exposed groups when compared to cage control group 6 h, (5 min ON/ 10 min OFF) mRNA c-fos, c-myc, c-jun -no effect 6 h, (5 min ON/ 10 min OFF) mRNA c-fos, c-myc, c-jun -no effect 1 h/day from gestational days 1-19 protein c-fos -no effect 1 h/day, 5 days/week, for 104 weeks protein c-fos -no effect from RF radiation -immobilization of mice in exposure chamber resulted in stress response leading to elevated c-fos in sham and exposed groups when compared to cage control group The authors failed to observe any alterations in either ornithine decarboxylase, c-jun or c-fos transcript levels in the cerebrum or cerebellum of RFradiation-exposed rats. Interestingly, the authors did observe that a significant stress response (as determined by core body temperature changes, corticosterone and ACTH levels) was evident even in loosely restrained animals. This suggested that preconditioning animals to the exposure environment was necessary to minimize RF-radiation exposure system/handling-related stress responses and thereby avoid false-positive responses and/or allow detection of true stress-related effects.
In a series of studies by the same group, the expression of c-fos protein was assessed in the brains of mice exposed to 900 MHz RF radiation. Finnie (45) exposed partially restrained mice to 900 MHz GSM-modulated RF radiation for 1 h at a whole-body SAR of 4 W/kg. After exposure the mice were immediately killed, coronal brain sections were prepared, and possible alterations in c-fos expression in various mouse brain regions were assessed immunohistochemically. The authors observed no differences in c-fos expression in five cortical areas between sham-and RF-radiationexposed animals; however, both groups demonstrated significantly more c-fos expression than in the cage (unhandled) control group, implying a stress response due to partial immobilization rather than to RF radiation. These results are consistent with the findings of Stagg et al. (44) . In a follow-up study, Finnie et al. (46) evaluated c-fos immunoreactivity in archived brains from the study of Utteridge et al. (47) of partially restrained mice exposed for 104 weeks (1 h/day, 5 days/ week; 4 W/kg) to 900 MHz GSM-modulated RF radiation. In concordance with their previous study, there was no evidence of altered c-fos expression between sham-and RF-radiation-exposed mice for any of the brain regions examined; however, both groups displayed restraint-induced elevated c-fos expression compared to the cage (unhandled control). Interestingly, despite 104 weeks of daily partial-restraint stress, there was no apparent habituation of c-fos expression in the cerebral cortical or hippocampal regions. This finding challenges the notion that restraint stress in RFradiation studies can ever be eliminated effectively through conditioning of animals to the RF-radiation exposure environment. Finally, the effect of gestational exposure to RF radiation on the fetal brain was recently evaluated by Finnie et al. (48) . Pregnant dams were exposed to 900 MHz GSM-modulated RF radiation at 4 W/kg for 1 h/day from gestational days 1 through 19. After exposure on gestational day 19, the fetuses were surgically removed and the brains were immediately preserved. c-fos expression was assessed in three coronal slices, allowing seven brain regions to be examined. The authors found no evidence of altered c-fos protein expression between corresponding brain regions of either the sham-exposed, RF-radiation-exposed or negative (cage) control mice.
Based upon current results, there is no convincing evidence of non-thermal RF-radiation-induced alterations of proto-oncogene mRNA or protein expression in cell culture or animal-based studies. Most cases of altered proto-oncogene expression appear to have occurred under unique exposure conditions with no clear dose-response effects, and many of these findings remain unconfirmed and/or internally inconsistent (e.g. dose response, time response). It is clear that restraint stress can be a major confounding variable in animal RF-radiation studies. Future studies should take special precautions to ensure that animal restraint is either avoided or properly accounted for. At present, the weight of evidence does not support the hypothesis that non-thermal RF radiation can alter proto-oncogene activation.
Studies Assessing the Effects of RF Radiation on other Signal Transduction Pathways
Another major mechanism used by cells to regulate transcriptional activity in response to stressors is through the mitogen-activated protein kinase (MAPK) pathways that include the extracellular-signal regulated kinase (ERK), p38 and the 1/2 c-Jun N-terminal kinase (JNK) cascades. These pathways are complex, and they regulate a variety of cellular processes including proliferation, differentiation, metabolism and the stressor response. Upon phosphorylation of these kinases, a large number of regulatory proteins and transcription factors (Egr-1, Elk-1) can become activated, thereby altering cellular processes and allowing further gene transcription.
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One of the earliest studies to assess the possible effect of RF radiation on cellular signal transduction pathways was conducted by Leszczynski et al. (21) . In this study, cells of a human endothelial cell line were exposed to 900 MHz GSM-modulated RF radiation at 2 W/kg for 1 h, and then changes in the levels of p38MAPK protein were assessed. The authors reported a transient increase in hsp27-phosphorylation and observed that this effect could be inhibited by SB203580 (a specific inhibitor of p38MAPK). Since temperature measurements indicated no alterations in cell culture temperature during the exposure period, the authors speculated that activation of the p38MAPK stress response pathway might be a potential mode of non-thermal molecular interaction of RF radiation with biological tissue. Similarly, Friedman et al. (49) reported that lowlevel exposure of serum-deprived Rat1 and HeLa cells to 875-950 MHz RF radiation at power densities ranging from 0.07-0.31 mW/cm 2 for 5-30 min significantly activated the ERK1/2 signal transduction pathway. Interestingly, neither the p38MAPK nor the JNK1/2 stress-responsive pathways were activated by RF radiation. It is clear that this study suffers from some methodological shortcomings and that these results require confirmation under more tightly controlled exposure conditions where the SAR level, SAR heterogeneity and actual sample temperature are precisely controlled.
Recently, the expression levels of transcription factors (Egr-1, Bcl-2, Elk-1) downstream of the MAPK pathways have been investigated. Buttiglione et al. (50) assessed Egr-1 transcript expression and the phosphorylation of ERK1/2 and JNK in a human neuroblastoma cell-line (SH-SY5Y) after exposure (5 min-24 h) to 900 MHz GSM-modulated RF radiation at an SAR of 1 W/kg. The authors observed a transient increase in Egr-1 levels after 5-30 min of RF-radiation exposure, but the effect was no longer evident after 6-24 h of RFradiation exposure. Phosphorylation of ERK1/2, JNK 1/2 and Elk-1 were also transiently increased after various RF-radiation exposure times (5 min-6 h) while significant decreases in the transcript levels of Bcl-2 and Survivin were observed after 24 h RF-radiation exposure. However, the authors also observed a significant decrease in cell viability (as determined by the MTT assay) and the appearance of sub-G 1 nuclei and a G 2 /M block (as determined by flow cytometry) after 24 h RFradiation exposure. This may indicate either that the RF radiation was inducing apoptosis or that the environmental conditions of the exposure (temperature, pH, osmolarity) were not ideal and may have confounded the results of this study. Further investigation is required.
Signal transduction pathways have also been studied in Drosophila melanogaster after exposure to RF radiation. Weisbrot et al. (16) exposed flies to 900/ 1900 MHz GSM-modulated RF radiation emitted from a commercial mobile phone for 10 days during their developmental period. The authors observed an increased level of phosphorylated Elk-1 protein in RFradiation-exposed flies. However, the exposure conditions in this study were poorly defined, and the authors provided no information on SAR distribution or possible temperature within the biological tissue. Recently, Lee et al. (51) exposed two strains of Drosophila melanogaster to 835 MHz RF radiation at SARs of 1.6 or 4.0 W/kg for 12-36 h. The authors reported activation of ERK and JNK but not p38MAPK after RFradiation exposure. Interestingly, flies exposed to RF radiation at 1.6 W/kg predominately showed activation of ERK while flies exposed at 4.0 W/kg showed activation of JNK. However, these results should be interpreted with caution. It was observed that flies exposed at 4.0 W/kg had only a 10% survival rate after 36 h of RF-radiation exposure relative to the sham controls. Furthermore, the authors reported up-regulation of HSP27 and HSP70 protein expression after RF-radiation exposure at both 1.6 and 4.0 W/kg, indicating that thermal confounding may be an issue. While the flies were exposed at room temperature, the presence of a wet paper filter (to maintain humidity) within the exposure apparatus may have caused absorption of more RF-radiation energy than anticipated and therefore elevated the ambient temperature within the exposure apparatus. Since the authors did not actually record the temperature within the exposure apparatus where the flies were housed, the possibility of thermal confounding cannot be discounted.
In contrast to the above studies, other studies have failed to observe activation of stress-responsive signal transduction pathways in various cell and animal models after RF-radiation exposure. Lee et al. (35) exposed Jurkat cells and rat primary astrocytes to 1763 MHz CDMA-modulated RF radiation at SARs of 2 or 20 W/kg for 30 min-1 h in the presence or absence of the phorbol-ester, 12-O-tetradecanoylphorbol 13-acatate (TPA). The authors observed no evidence of phosphorylation of ERK1/2, JNK1/2 or p38MAPK after RFradiation exposure in either the presence or absence of TPA. Similar results were obtained when 8-week-old hsp70.1-deficient mice were exposed twice daily (for 45 min), 5 days/week for up to 10 weeks to 849 or 1763 MHz RF radiation at an SAR of 0.4 W/kg (25) . Histological analysis of the lungs and brains of RFradiation-exposed mice showed no differences in the phosphorylation status of the stress-activated kinases ERK1/2 and JNK1/2 relative to the sham-exposed group. The authors also reported no evidence of increased proliferation, apoptosis or HSP expression in tissues in the RF-radiation-exposed group relative to the sham controls. and IMR-90 (a cell line derived from fetal lung) cells after RF-radiation exposure. A series of genes known to be components of p53-mediated apoptosis (including APAF1, TP53, TP53BP2 and CASP9) were assessed after cells were exposed to 2.1425 GHz CW and W-CDMA-modulated RF radiation at SARs of 80-800 mW/kg for up to 48 h. The authors observed no significant differences in the expression of these p53-related apoptosis genes relative to the sham control groups under any conditions tested. Similarly, Li et al. (54) exposed human fibroblasts to 837 MHz CW RF radiation at SARs of 0.9 to 9.0 W/kg for 2 h and did not observe any evidence of altered TP53 protein expression.
In conclusion, as with the HSPs and the protooncogenes, investigations that have examined proteins and genes associated with signal transduction pathways involved in the stress response after RF-radiation 
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REVIEW exposure have yielded mixed results. At present, there is inconclusive experimental evidence to support the hypothesis that RF radiation can affect signal transduction pathways associated with the stress response. Clearly, further well-controlled investigations are required to elucidate whether RF radiation can influence these pathways and result in sustained biological effects.
Microarray Studies Assessing the Effects of RF Radiation on Gene Expression
The use of DNA microarrays is becoming increasingly popular for high-throughput analysis of differential gene expression in response to a variety of chemical, pharmaceutical and environmental exposures/conditions. This technology, while extremely useful for screening large numbers of genes for potential interaction with a test substance, is often employed under less than ideal conditions. Common deficiencies in microarray studies include poor experimental design and/or an inadequate number of biological replicates (presumably due to the high cost of microarrays and associated reagents), improper data acquisition/normalization procedures, and a lack of validation of the data using other techniques (e.g. semi-quantitative RT-PCR). It is particularly important that a study encompasses enough biological replicates to carry out a proper statistical analysis of the data. Data preprocessing steps (including applying the appropriate normalization, filtering and quality control checks) are required before proceeding to data analysis. Appropriate statistical approaches must be applied to correctly model nuisance parameters and interpret real biological variability. Finally, biological replication of important genes or of a subset of differentially expressed genes is important to identify possible false-positive responses. It is imperative to take all of these factors into account before undertaking and carrying out an experiment using DNA microarrays (55) . Vanderstraeten and Verschaeve (56) have recently reviewed the literature on the evidence for RF-radiationinduced effects on gene and protein expression using high-throughput screening technologies. To date, many of the microarray studies assessing RF-radiation-induced transcriptional changes have been plagued by one or more critical methodological deficiencies. A summary of microarray studies evaluating the effect of RF radiation on gene expression is presented in Table 4 . -increase in ERK1/2 phosphorylation/activation, no effect on p38MAPK or JNK1/2 -insufficient details on RFR exposure system, temperature control and negative control conditions -no inferential statistics 12-36 h mRNA, protein, protein phosphorylation
-increased protein expression of ERK and JNK -no significant effects on p38MAPK -possible thermal confounding -insufficient number of independent experiments -no details on statistical methods applied
TABLE 3 Extended
REVIEW
The first RF-radiation-related microarray study was conducted by Harvey and French (57) . In this study, human mast cells (HMC-1) were exposed to 864.3 MHz CW RF radiation in three 20-min exposures a day (at 4-h intervals) for 7 days at an average SAR of 7 W/kg. A total of 588 genes were screened for differential expression using the Human Atlas cDNA array, but only three genes were observed to be affected after RFradiation exposure. The affected genes included the proto-oncogene c-kit, the transcription factor nucleoside diphosphate kinase B, and the apoptosis-associated gene DAD-1. However, the conclusions that can be drawn from this study are limited because the authors used relative changes instead of inferential statistics to identify differentially expressed genes and the conclusions were based on the results from only two experiments. Furthermore, there was no confirmation of differential expression of the responding genes by the use of an alternative technology. However, it must be noted that this study was conducted during the infancy of high-throughput genomics analysis and that the methodological approaches employed were deemed appropriate at the time of publication.
Pacini et al. (58) exposed cells of a human fibroblast cell line for 1 h to 902.4 MHz GSM-modulated RF radiation by placing the culture dishes atop an energized cell phone engaged in a simulated voice conversation. The authors assessed differential gene expression after hybridizing their samples to the Atlas Human Array trial kit (containing 82 human cDNAs). Several mitogenic signal transduction genes, cell growth inhibitor genes, and genes controlling apoptosis were found to be altered after RF-radiation exposure. However, like the study by Harvey and French (57) , this study suffered from several critical deficiencies. To begin, the authors estimated an SAR of 0.6 W/kg for the cells, based upon the cell phone manufacturer's technical information and the European maximal human SAR limits. No empirical or numerical dosimetry was performed to assess the actual SARs within the six-well culture plates. It is known that SAR distributions in petri dishes and culture plates exposed from uniform fields are significantly inhomogeneous. The SAR inhomogeneity would be further exacerbated by the highly non-uniform fields produced close to a cell phone. Thus the actual SARs may have ranged from well above 0.6 W/kg in some places within the cell culture to much lower than 0.6 W/kg in other areas; the average SAR is unknown. Furthermore, the conclusions of this study were apparently based on crude differences between shamand RF-radiation-exposed samples from a single experiment. Finally, there was no confirmation of the results by other techniques such as RT-PCR, thereby limiting the conclusions that can be derived from this study.
More recently, Lee et al. (59) used Serial Analysis of Gene Expression (SAGE) to evaluate differential gene expression in HL-60 cells immediately and 6 h after a 2-h exposure to 2.45 GHz RF radiation at an SAR of 10 W/kg. Immediately after exposure, the authors observed 221 differentially expressed genes in the sample exposed to RF radiation relative to the 2-h shamexposed sample. At 6 h after exposure, 759 genes were differentially expressed in the radiation-exposed sample relative to the 2-h sham-exposed control. Interestingly, there was no evidence of differential HSP gene expression after exposure. Unfortunately, this study consisted of SAGE analysis of RNA collected from a single experiment, with a single sham control used as a reference for two postirradiation exposure times. Therefore, it is not surprising that this study reported a relatively large number of genes as being differentially expressed between groups, the possibility that many of the differentially expressed genes are false-positive events cannot be discounted. This study also failed to validate the SAGE results using RT-PCR or other verification techniques.
In a study funded by the REFLEX project (European Union Fifth Framework Programme), Remondini et al. (60) isolated RNA from six human-derived cell lines/types (NB69, EA.hy926, T-lymphocytes, U937, CHME5, and HL-60) after exposure to 900 or 1800 MHz RF radiation at various SARs, signal modulations and times, then analyzed gene expression changes using human Unigene whole genome cDNA arrays (containing 75000 cDNA clones). For each of the 11 conditions tested, total RNAs from two to five independent experiments were pooled for each of the sham-and RF-radiation-exposed samples. Thereafter, each of the 11 sham-and 11 RF-radiation-exposed RNA pools were processed simultaneously and hybridized in triplicate, for a total of 66 hybridizations. The authors reported no evidence of differential gene expression in three of the cell lines tested, but alterations in gene expression (up to 34 differentially expressed genes) were observed after RF-radiation exposure in the other three cell lines under various exposure conditions. The authors commented that these data may indicate a differential sensitivity of some cell lines/tissues to RF radiation. Unfortunately, since data analysis was carried out using cDNA from a single RNA pool for each experimental group, it is impossible to estimate the true biological variance for statistical inference testing. Ideally, either truly independent experiments or multiple independent pools of RNA are required. Although each gene was spotted four times on the same nylon membrane, the authors did not present any meaningful technical replicates. Duplicate spots on a single microarray slide are not independent, because the same cDNA sample is hybridized onto the same membrane at the same time, and therefore replicate spots on a microarray do not constitute valid technical replicates. Multiple hybridizations from the same pooled cDNA sample 278 REVIEW onto separate arrays would be required. The statistical inference testing employed by Remondini et al. (60) is therefore based upon unsubstantiated assumptions of biological and technical variance in their experimental model. As a result, gene specific variance components cannot be estimated well and outliers cannot be appropriately identified. In the absence of such information, external validation of the experimental findings becomes more critical, yet no such information was provided in this study. For these reasons, the conclusions that can be drawn from this study are limited.
In a related study, Nylund and Leszczynski (22) examined gene and protein expression in two variants of the human endothelial cell line EA.hy926 and EA.-hy926v1 after a 1-h exposure to 900 MHz GSMmodulated RF radiation at an SAR of 2.8 W/kg. The authors performed three independent experiments, and the samples from each experiment (non-pooled RNA) were independently hybridized to Atlas Human v1.2 cDNA expression arrays (containing 1167 genes). After data filtering (for signal intensity), a total of 136 genes across the two cell lines were compared for RFradiation-induced changes in gene expression. The authors observed that one gene was down-regulated in the EA.hy926 cell line, while 13 genes were up-regulated in the EA.hy926v1 cell line after RF-radiation exposure. The authors did not observe similar changes at the protein level for the microarray-identified responsive genes and did not verify the microarray results using RT-PCR. It is interesting to note that the endothelial cell line EA.hy926 continues to demonstrate an apparent responsiveness to RF radiation. Further investigation of these results are required to elucidate whether some aspect of these cells make them more responsive to RF radiation or whether these cells are sensitive to other factors related to the RF-radiation exposure conditions (minor fluctuations in temperature, vibration, osmolarity, etc). More recently, this research group evaluated changes in protein expression in skin punch biopsies obtained from 10 women whose forearms were exposed to 900 MHz GSM-modulated RF radiation at an estimated average SAR of 1.3 W/kg for 1 h (61). Using 2D gel electrophoresis, the authors compared the expression of proteins in RF-radiation-exposed skin relative to that in unexposed skin (punch biopsies acquired from the other forearm). The authors observed eight differentially expressed protein spots in the RFradiation-exposed skin biopsies relative to the biopsies from unexposed skin. Interestingly, two of the protein spots were present in all 10 volunteers. At present, the identity of these proteins is unknown, and further investigation is required to confirm these findings and determine whether this response is related to a thermoregulatory response or represents a non-thermal effect.
Zhao et al. (62) investigated the expression of genes related to cell death pathways in primary cultured neurons and astrocytes isolated from 15-day-old ICR mouse embryos. The cultured cells were exposed for 2 h in a 35-mm petri dish to a 1900 MHz GSM-modulated RF radiation from a cell phone placed atop the culture dish. After the 2-h exposure, RNA was harvested and the resulting cDNA was hybridized to GEArray Q series Mouse Apoptosis Arrays (containing probes to 96 apoptosis-related genes). The authors reported an upregulation of several genes involved in the apoptosis pathway, including caspase 2, caspase 6 and Asc, in the two cell lines. These results were confirmed by RT-PCR analysis. It is important to note, however, that this study suffered from many methodological deficiencies. First, the cell cultures were not exposed to RF radiation under controlled experimental conditions. The authors acknowledged that they did not measure or attempt to control electromagnetic-field components (such as SAR levels and/or distribution) within the cell cultures during exposure. Furthermore, since the cultures were apparently exposed to RF radiation outside of a standard tissue culture incubator with the lids removed, while the reference control remained inside the incubator, the pH/ osmolarity/temperature of the exposed cultures were likely quite different than those of the reference controls. Thus, while the authors confirmed the responding genes by RT-PCR, it cannot be determined whether the responding genes arose from exposure to RF radiation or were due to environmental factors related to the exposure conditions. Significant gene expression changes were also observed in a study conducted by Zhao et al. (63) . In this study, primary rat neurons were exposed to intermittent (5 min ON/10 min OFF) 1800 MHz GSMmodulated RF radiation at 2 W/kg for 24 h, and RNA was isolated immediately after exposure. After conversion to cDNA and transcription to cRNA the samples were hybridized to Affymetrix Rat Neurobiology U34 arrays (containing 1200 probes). The authors identified 10 down-regulated genes and 24 up-regulated genes among the 1200 genes that were screened, using fold change (±15%) as the analysis criterion. While the microarray results are based on a single independent experiment, the authors confirmed many of the observed gene changes using RT-PCR. However, there was no evidence of any form of active cooling or temperature monitoring within the RF-radiation-exposed samples; therefore, the possibility of thermal confounding cannot be excluded. The results of this study need to be confirmed using high-quality exposure conditions.
Other recent microarray studies have found no evidence that non-thermal exposure can affect gene expression in cultured cells. Gurisik et al. (64) studied the effect of a 2-h exposure to 900 MHz GSMmodulated RF radiation at an SAR of 0.2 W/kg on gene expression in a human neuroblastoma cell line (SK-N-SH). At 2 h after sham or RF-radiation exposure, RNA was harvested and the samples were hybridized REVIEW However, heat treatment at 42uC for 2 h was observed to elicit a profound change in a number of HSP genes (as expected). In a previous study, Hirose et al. (53) also observed no noticeable changes in p53-related gene expression in A172 or IMR-90 cells under similar RFradiation exposure conditions. In this study the authors confirmed the absence of a response by microarray analysis on four genes (APAF1, TP53, TP53BP2 and CASP9) involved in p53-mediated apoptosis using RT-PCR. While these studies assessed the entire human genome for responsiveness, the results are based on an inadequate number of independent experiments. In summary, each of these studies found no convincing evidence that RF radiation caused any alterations in gene expression; however, an insufficient number of independent biological experiments were performed for proper microarray analysis. In contrast to the above investigations, several recent microarray studies have incorporated a larger number of independent biological experiments ( (3-5) 
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REVIEW matching samples exposed to X radiation (0.68 Gy) as positive controls. RNA was harvested immediately after sham/RF-radiation exposure or at 4 h after X irradiation, and the samples were then hybridized to Affymetrix U74AV2 GeneChips (containing 12,422 probes). In an interesting approach, the authors made sham-sham comparisons to empirically estimate the false discovery rate (FDR) in their experimental model. Using this approach, they observed that fewer genes (,200) were found to be differentially expressed after exposure to CDMA or FDMA RF radiation than would have occurred by chance alone (,400). These genes were disregarded based upon the estimated FDR and the fact that only two genes were similarly altered for the exposures to CDMA and FDMA RF radiation. However, none of the RF-radiation-induced differentially expressed genes were actually tested by RT-PCR. Qutob et al. (68) exposed human glioblastoma-derived (U87MG) cells to 1.9 GHz pulse-modulated RF radiation for 4 h at SARs of 0.1, 1.0 and 10.0 W/kg. At 6 h after sham or RF-radiation exposure, RNA was harvested and samples were subsequently hybridized to Agilent Human 1A arrays (containing probes to over 22,000 genes). Similar to the approach of Whitehead et al. (66, 67) , this study included concurrent negative (incubator) and positive (heat-shock) controls to evaluate the responsiveness of the experimental protocol and assess the influence of possible RF-radiation exposure system environmental factors. The authors observed no evidence of differential gene expression in any of the RF-radiation-exposed samples relative to the sham controls. However, the positive (heat-shock) control showed an up-regulation in 99 genes, including a number of typical HSPs and stress-responsive genes. Semi-quantitative RT-PCR was conducted on a variety of HSP and verified that RF radiation had no effect on HSP gene transcription. In an extension of this study, this group exposed U87MG cells to intermittent (5 min ON, 10 min OFF) 1.9 GHz pulse-modulated RF radiation for 24 h at SARs of 0.1, 1.0 and 10.0 W/kg and RNA was harvested 6 h after exposure (38) . Humanderived monocyte cells (Mono-Mac-6) were also exposed under similar RF-radiation conditions for 6 h and RNA was harvested either immediately or 18 h after exposure. No evidence of differential gene expression was observed in either cell line at any SAR or time tested; however, heat shock (42uC for 1 h) was observed to elicit a profound change in gene expression relative to the sham-treated controls. These studies are unique in that multiple SARs, incubator, sham and positivecontrols were performed concurrently in five independent experiments. The inclusion of a larger number of independent experiments reduces the likelihood of observing false-positive events that occur when performing statistical inference testing on thousands of end points. Furthermore, RT-PCR was used to verify HSP responses in the positive controls and lack of response in the RF-radiation-exposed samples. The authors concluded that they observed no evidence of differential gene expression under any RF-radiation conditions tested in their experimental system at SARs up to 10 W/kg and exposures up to 24 h.
To date, only two studies have evaluated the effect of RF radiation on global gene expression changes in vivo. Belyaev et al. (69) examined gene expression changes in rat cerebellum after a 2-h in vivo exposure to 915 MHz GSM-modulated RF radiation at a whole-body SAR of 0.4 W/kg. In this study, three sham-exposed and three RF-radiation-exposed rats were killed immediately after exposure. RNA was isolated from the cerebellum and subsequently hybridized to Affymetrix U34A GeneChips (containing probes to ,8800 genes). The authors identified 11 genes that were up-regulated and one gene that was down-regulated in the cerebellum of RF- Affymetrix MOE 430A arrays (22000 probes screened) -no effect on gene expression using high-stringency microarray data analysis, 75 differentially expressed genes identified using low-stringency (1.5 fold change) analysis. -RT-PCR analysis of 30 genes did not confirm the low-stringency microarray data analysis -exposure conditions/temperature properly controlled 
